We introduce a method which enables to directly compare the impact of elastic strain on the optical properties of distinct quantum dots (QDs). Specifically, the QDs are integrated in a cross-section of a semiconductor core wire which is surrounded by an amorphous straining shell. Detailed numerical simulations show that, thanks to the mechanical isotropy of the
shell, the strain field in a core section is homogeneous. Furthermore, we use the core material as an in situ strain gauge, yielding reliable values for the emitter energy tuning slope. This calibration technique is applied to self-assembled InAs QDs submitted to incremental tensile strain along their growth axis. In contrast to recent studies conducted on similar QDs stressed perpendicularly to their growth axis, optical spectroscopy reveals 5 − 10 times larger tuning slopes, with a moderate dispersion. These results highlight the importance of the stress direction to optimise QD response to applied strain, with implications both in static and dynamic regimes. As such, they are in particular relevant for the development of wavelength-tunable single photon sources or hybrid QD opto-mechanical systems.
Applying an external strain field on a semiconductor quantum dot (QD) is a powerful method to tailor its optical properties without compromising its brightness. In the last years, elastic tuning has been exploited to induce shifts in the QD emission energy, [1] [2] [3] [4] enabling the realization of wavelength-tunable single-photon sources. 5, 6 Such a 'tuning knob' thus allows bringing distinct QDs into resonance, 7 a basic requirement to realize a quantum photonic circuit. Furthermore, full control over the in-plane strain tensor can compensate the natural asymmetry of as-grown QDs, 8 with important application to the deterministic emission of polarization-entangled photon pairs. 9, 10 Strikingly, the nature of the excitonic ground state hosted by a QD can be controlled by an external bi-axial tensile strain. 11 In the dynamical regime, surface acoustic waves open a route to manipulate the QD emission wavelength on short time scales. [12] [13] [14] [15] [16] Finally, elastic coupling lies at the heart of recently demonstrated QD opto-mechanical hybrid systems, 17, 18 which enable new approaches to precision sensing or to the exploration of the quantum-classical boundary. 19 Beside single QD demonstrations, exploring the distribution of the strain-induced optical shifts in a QD ensemble combines fundamental and practical interests. Indeed, such non-destructive studies offer a valuable insight in the dot structural properties. 2, 3 Moreover, a calibration of the strain response constitute an important input for the design of QD devices exploiting strain tuning, while a moderate dispersion of QD properties is highly desirable to allow a reasonable fabrication yield. To enable a direct dot-to-dot comparison, distinct emitters should ideally experience an identical and well characterized strain field. Achieving the required strain uniformity is generally challenging.
In this context, it was shown recently that the emission energy of a single QD embedded in a nanowire can be largely tuned by a dielectric straining shell. 4 We furthermore demonstrate here that an amorphous shell induces a uniform strain field in the crystalline core, even if the latter features a pronounced mechanical anisotropy. The semiconductor core experiences a longitudinal strain, whose magnitude is determined by measuring the core absorption spectrum. As a consequence, one then directly obtains the tuning slope of several QDs embedded in a core cross-section.
This calibration technique is applied to self-assembled InAs QDs embedded in a GaAs-silica coreshell structure. At low temperature, we track the evolution of individual QD photo-luminescence lines submitted to incremental elongation along their growth axis. In contrast to recent studies on similar QD subject to uniaxial stress perpendicular to the growth axis, 2,3 our measurements reveal five times larger tuning slopes, with a moderate dispersion. These results highlight the importance of the stress direction to optimise QD response to applied strain, with implications both in static and dynamic regimes. The hybrid core-shell nanostructure investigated in this work is shown in Fig. 1 than GaAs, a tensile strain is applied on the core when the structure is cooled down below T d . As shown later, the silica layer also features a significant built-in strain, common for such dielectric layers. 20 The total strain applied to the core can empirically reproduced with an effective SiO 2 deposition temperature T eff
It is well known that in a cylindrical core-shell nanowire composed of mechanically isotropic materials, the strain field inside the core is uniform far enough from the wire terminations. In contrast, if both core and shell are made of zincblende materials aligned along the [001] direction, mechanical anisotropy induces a pronounced spatial modulation of the strain field inside the core. 21 We explore here a hybrid situation: the anisotropic core is strained by an isotropic shell. As conducted for the fabricated geometry, and we focus on strain distribution in the QD plane. At this location, the core radius r c is small enough so that finite-length effects can be neglected (2r c < h/2).
Inside the core, off-diagonal components ofε can be neglected and the strain tensor features an in-plane symmetry (ε xx = ε yy ). In addition, the maps shown in Fig. 1 (b) reveal that all strain components are uniform, with the hierarchy |ε zz | |ε xx |, |ε yy |. Therefore, QDs randomly located in the core section will experience an identical elongation along their growth axis. As shown in Fig. 1 (c), ε zz is roughly proportional to the core to shell relative area R s = 1 − r 2 c /(r c + t s ) 2 , where t s is the shell thickness.
We now investigate the optical properties of individual QDs that experience incremental external strain, applied by the successive deposition of 'thin' silica shells. Optical characterization is sufficient to ensure that several distinct QDs contribute to the signal.
We first consider the impact of the deposition of the first shell on a bare wire. In that case, it is not possible to reliably follow the evolution of individual spectral lines, essentially because of the appearance of new lines in the capped wire. We attribute this to a change in the semiconductor surface, which could modify the pumping efficiency and/or radiative yield of embedded QDs, especially those which are close to the sidewall. Therefore, we concentrate our analysis on the deposition of the second and third shells, which should not induce further modification of the semiconductor interface. In both cases, the spectrum modification can be roughly described as a rigid redshift of the main spectral features. This constitutes a first indication that the dots embedded in the structure exhibit a similar response to the external strain. The main components of the strain field induced by the shell in the core can be determined in situ by a non-destructive optical measurement. To this end, we use the bulk GaAs core material as a very sensitive strain gauge. Indeed, a relative change in the crystal unit cell volume, proportional to ε h = ε xx + ε yy + ε zz , shifts the bandgap energy. In the core, anisotropic strain components reduce to the tetragonal shear strain ε sh = 2ε zz − ε xx − ε yy . It leaves the conduction band unaffected, but splits the valence states into a heavy hole (hh) and a light hole (lh) band. 22, 23 We access the band structure of strained GaAs by measuring its absorption spectrum with a photoluminescence excitation technique (see Methods). Figure 3 (a) shows two absorption spectra acquired on two different structures covered by a 110 nm thick shell. The first one (curve 'ref.') features lateral dimensions much larger than t s . As a consequence, the strain induced by the shell is small and the absorption spectrum features a single peak, attributed to the bulk free exciton of GaAs. The peak energy is close to the tabulated value for unstrained GaAs E 0 X = 1.515 eV (Ref. 24 ). The second one is acquired on a nanowire with r c = 150 nm. The absorption spectrum undergoes a global redshift and features two peaks. The low-(high-) energy transition, centered around E X hh (E X lh ) is attributed to the hh (lh) free GaAs exciton. Similar measurements were conducted on two other wires: the results appear as solid points in Fig. 3(b) .
Neglecting variation in the exciton binding energy with strain, the mean shift is simply given by 1 2 (E X hh + E X lh ) − E 0 X = aε h and the peak splitting by E X lh − E X hh = −bε sh , where a = a c + a v = −8.33 eV and b = −2.0 eV are the deformation potentials of GaAs. 25 The strain deduced from the peak positions is larger than the one calculated using the thermal dilatation coefficients of GaAs and SiO 2 , for a structure cooled from T d = 550K down to 4K. This evidences an additionnal tensile built-in strain in the shell. We note that such built-in strain is common in dielectric layers deposited by PECVD, and depends on the deposition parameters. 20 As illustrated in Fig. 3(b) , the total strain in the core can be empirically reproduced with an effective SiO 2 deposition temperature T eff d = 1000 K. In the following, all strain values are calculated using the calibrated T eff d and geometrical parameters obtained from SEM observation. Figure 4 : Histograms of the spectral shifts ∆E of individual QD lines. Five wire families, characterized by their core radius r c , were investigated. We focus on shifts induced by an increase of the SiO 2 shell from t s = 37 nm to 73 nm.
After this calibration, we come back to the analysis of the QD spectral shift ∆E. The histograms in Fig. 4 show the distribution of ∆E measured in five nanowire families with r c ranging from 130 nm to 170 nm, after an increase of the shell thickness from t s = 37 nm to 73 nm. In total, 25 different nanowires and 190 spectral lines were investigated. All these lines exhibit a redshift under tensile strain. For each wire family, Table 1 summarizes the mean shift ∆E and
The table also provides α and σ α , the mean value and standard deviation of the tuning slope α = ∆E/∆ε zz (∆ε zz is the increase in tensile strain along z). As expected, the mean tuning slopes are similar for all wires, with an average value of −91 meV/%. Furthermore, the relative dispersion in the tuning slopes is relatively small, with an average σ α /| α | = 13 %. In addition to this large dispersion, the mean tuning slopes were typically 5-10 times smaller than the one obtained in this work.
To interpret qualitatively this remarkable discrepancy, we come back to the main effects of external elastic strain on the QD emission energy. To first order, the strain response is dominated by single-particle effects, i.e. by a modification of single electron and hole energy levels. 1, 3, 5 The variation in the QD emission energy can then be expressed as ∆E = ∆E g,hh + ∆E We now turn to the situation investigated in Refs. 2 , z = z), the strain tensor is diagonal, with ε y y = ε z z = −νε x x . Coming back to the (x, y, z) crystal basis, ε h = (1 − 2ν)ε x x is strongly reduced by the material contraction in transverse directions. Furthermore, ε sh = −(1 + ν)ε x x is now opposite to ε h . The external strain in-plane anisotropy introduces an off-diagonal term ε xy = − 1+ν 2 ε x x ; its contribution to ∆E g,hh is proportional to ε 2 x x and can be neglected when the applied strain is smaller than the initial QD bi-axial strain. ∆E g,hh then takes a similar form as in the previous paragraph, but with a much smaller tuning slope (∆E g,hh = −11[meV] × ε x x [%]). As a result, the QD response becomes highly sensitive to modifications of the confinement energy, which in turn critically depends on the QD morphology (size, alloy composition). Inconsistent shifts with small amplitude and variable sign are then observed.
For completeness, let us mention that, in general, strain can also induce piezo electric fields 14, 15 and thus Stark shifts of the QD emission. In our work, these Stark shifts are typically 10 3 times smaller than the leading strain tuning term, and thus negligeble. For uniaxial stress applied along
[110], they however feature a significant amplitude, 2-3 times smaller than strain-induced shifts .
This analysis highlights the high sensitivity of the QD response to the exact structure of the applied strain field, an important feature for applications both in static and dynamic regimes. Given the hierarchy of the deformation potentials, response to strain is optimized when (i) ε h is maximized and (ii) the effects of ε h and ε sh add constructively. One then obtains large spectral shifts, with moderate dot-to-dot variability. These results are general, with implications for all strained-QD devices. We now discuss some important particular cases. In the static regime, digital shell tuning 4 can be directly applied to efficiently tune QD-photonic wire devices. 6, [26] [27] [28] We have shown here that the large, discrete, spectral shifts induced by the shell can be predicted with a simple theory. Therefore, this technique complements continuous methods, which generally feature a limited tuning range. Interestingly enough, the large, controlled bi-axial tensile strain induced by the shell offers a very simple way to stabilize a light-hole ground state in a GaAs QD. 11 In the dynamical regime, maximizing the sensitivity to strain is particularly relevant for recently demonstrated hybrid QD opto-mechanical systems, for which periodic lattice deformation couples the QD exciton energy to the displacement of a mechanical oscillator. 17, 18 Our results show that one should favor geometries in which stress is locally applied along the QD growth axis, such as in flexural or longitudinal vibration modes in z-oriented wires. 17 In view of the relatively small tuning slopes consistently measured for in-plane uniaxial stress, 2,3,29 an in-plane cantilever, initially proposed in Ref., 30 seems less favorable to maximize the strain coupling.
The calibration technique demonstrated in this work is versatile. Indeed, strain uniformity in a zincblende core is maintained for other wire orientations (z =< 110 > and < 111 >) and also holds for elliptical cross-sections. Furthermore, strain is also uniform in the core for a wurtzite wire defined along the c-axis. Therefore, this strategy could be applied to characterize the strain response of QDs or optically active defects in other important material systems. In particular, determining the strain response of individual spins of charge carriers 31 or single dopants 32 in QDs is highly relevant for the future developments of spin-based hybrid optomechanics. 33 Along the same line, the strain response of dye molecules, which can also serve as local mechanical sensors, 34 could be reliably determined using this technique. with an optical access. Optical excitation is provided by a Ti:sapphire laser focused on the sample with a microscope objective (numerical aperture: 0.6). µPL QD spectra are obtained under pulsed excitation (repetition rate: 76 MHz) with a laser photon energy tuned to 1.534 eV, in the absorption continuum of GaAs bandgap. The same objective collects the QD luminescence signal; after filtering of residual laser stray light, the luminescence signal is sent to a grating spectrometer equipped with a silicon APD for spectral analysis.
A PL excitation technique is employed to measure the absorption spectrum of GaAs. In that case, the laser is operated in continuous mode and the photon energy is scanned while monitoring the intensity of a selected QD emission line. We have checked that the absorption features do not depend on the QD.
